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The electronic and geometrical structure of single diﬂuoro-bora-1,3,5,7-tetraphenyl-aza-
dipyrromethene (aza-BODIPY) molecules adsorbed on the Au(111) surface is investigated by low
temperature scanning tunneling microscopy and spectroscopy in conjunction with ab initio density
functional theory simulations of the density of states and of the interaction with the substrate.
Our DFT calculations indicate that the aza-BODIPY molecule forms a chemical bond with the
Au(111) substrate, with distortion of the molecular geometry and signiﬁcant charge transfer
between the molecule and the substrate. Nevertheless, most likely due to the low corrugation of
the Au(111) surface, diﬀusion of the molecule is observed for applied bias in excess of 1 V.
1 Introduction
Opto-electronically active organic materials oﬀer several
advantages over traditional solid-state semiconductors in the
fabrication of devices such as solar cells and light emitting
diodes including their low cost, low weight, and ﬂexibility.1,2
Aza-BODIPY molecules have been known for more than
15 years3 and BODIPY derivatives have been recently investigated
in more detail for applications as electron donor material for
organic solar cells and their optical properties are presently
optimized through the synthesis of new compounds.4 Here, we
use diﬂuoro-bora-1,3,5,7-tetraphenyl-aza-dipyrromethene; the
same structure without the BF2 complex was originally synthe-
sized in 1943 as a synthetic dye.5,6
There are two key reasons for the interest in aza-BODIPY
for applications in organic electronics, especially in solar
cells. First of all, these molecules possess a tunable infrared
absorption,7–10 and can convert a part of the incident light
spectrum into electricity that only a few other currently
existing organic compounds can. The second reason is their
chemical stability, which eases processing requirements during
solar cell production.8,9,11 There have already been other
BODIPY derivatives incorporated in solar cell devices,12–15 but
these lack the strong infrared absorption behavior of aza-BODIPY.
To better control the properties of the molecule in the ﬁnal
photovoltaic device, it is important to investigate the inﬂuence
of diﬀerent environmental factors on the absorption behavior
and on the electronic properties of single molecular species or
even single molecules. Several scanning tunneling microscopy
(STM) and spectroscopy (STS) investigations of molecules which
are of interest for organic photovoltaics have been reported in
recent years, especially concerning metal phthalocyanines16–18
and fullerene C60
19–23 which currently serve as standard materials
for photovoltaic heterojunctions, where phthalocyanines act as
the electron donor and C60 as the electron acceptor.
1
Recently, research on the nature of the interaction between
single organic dye molecules such as aza-BODIPY and inorganic
substrates was reported, showing the relevance of such inter-
actions to the development of dye-sensitized solar cells,
which use an organic donor in combination with an inorganic
acceptor.24 The understanding of the basic mechanisms
governing the interactions between organic molecules and
inorganic surfaces at the atomic level is essential for further
progress in organic electronics, because it allows for the
exploitation of the details of the molecular photo-physical
properties as well as for the design of new molecules,
which can enhance the functionality and stability of these
devices.
In this article, we present the results of a combined theore-
tical and experimental study of single aza-BODIPY molecules
deposited on Au(111). This is the ﬁrst systematic, single
molecule study of the adsorption behaviour of this class of
molecules on any substrate. The electronic and geometric
structure of the molecule on the surface is investigated using
low temperature scanning tunneling microscopy (STM) in
conjunction with ab initio density functional theory (DFT)
simulations of the density of states (DOS) and of the inter-
action with the substrate.
2 Methodology
Experiments were performed by scanning tunneling micro-
scopy (STM) and spectroscopy (STS) in ultra high vacuum
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(UHV) conditions (base pressure below 1  1010 mbar) at a
temperature of 5 K. The STM is kept at 5 K by thermal
contact with a liquid He cryostat and it is completely shielded
from radiation by a double screen. The cryogenic pumping
preserves the sample surface uncontaminated for several days
after preparation.
The Au(111) surface was cleaned by several cycles of sputtering
and annealing at 450 1C followed by ﬂashing to 550 1C, forming a
clean herringbone reconstruction. Aza-BODIPY molecules were
evaporated from a Knudsen cell for a few seconds at a tempera-
ture of about 220 1C onto the clean Au(111) surface kept at room
temperature. The sample was then transferred to the STM with-
out breaking the vacuum. Images were taken in constant current
mode typically at a bias voltage Vbias = 0.5 V and at a
tunneling current I = 0.1 nA. Voltages are applied to the sample
with respect to the tip.
STS spectra were recorded by measuring the ﬁrst derivative
of the tunneling current (dI/dVbias). After positioning the tip
above a molecule and switching oﬀ the feedback loop, the bias
voltage was varied over the energy range of interest with a
sinusoidal modulation of about 20 meV. Using standard lock-
in detection techniques, the ﬁrst derivative of the tunneling
current was extracted. Before measuring the STS spectrum on
the molecule, STS spectra were recorded on the bare Au(111)
terraces. Only those tips showing the Au(111) surface state
at 0.51 V25 were considered purely metallic and used for STS
measurements on the molecules.
Calculations were performed using DFT26,27 as implemented
in the SIESTA code.28 The local-density approximation (LDA)27
to the exchange–correlation potential was used, as this has been
shown to give more accurate results for the binding geometry
of organic molecules on metal surfaces than the generalized
gradient approximation (GGA).29 This is due to a cancellation
of errors in LDA compensating for the failure of these
exchange–correlation functionals to properly describe Van der
Waal’s forces, whereas GGA functionals can signiﬁcantly
underestimate the molecule-substrate interaction. Nevertheless,
calculations were also performed for this system using the PBE
formulation of GGA,30 and the results showed some qualitative
diﬀerences to LDA which are discussed in detail below.
The SIESTA basis set used for the valence orbitals consisted of
double-zeta s and double-zeta polarized p orbitals for C, B, N
and F; double-zeta polarized s orbitals for H; and double-zeta s
and single-zeta p and d orbitals for Au; while the eﬀect of the
core states was described by relativistic pseudopotentials. The
cut-oﬀ radii for the basis orbitals was set using an energy shift
of 0.002 Ry, which produced values of 2.85 A˚, 3.33 A˚, 2.50 A˚,
2.05 A˚, 3.45 A˚ and 4.13 A˚ for the C, B, N, F, H and Au s
orbitals, 3.57 A˚, 4.18 A˚, 3.32 A˚, 2.56 A˚, and 6.82 A˚ for the C, B,
N, F and Au p orbitals, and 3.06 A˚ for the Au d orbitals,
respectively. The calculations were performed on a grid of
4 k-points in each direction in the plane of the surface.
The unit cell used for the calculations measured 20.195 A˚ by
19.992 A˚ in the plane, and 30 A˚ perpendicular to the plane.
Geometry relaxations were performed using the conjugate
gradient routine in SIESTA, with a convergence threshold of a
maximum force of 0.05 eV/A˚. The gold substrate was modelled
by a slab 3 layers thick with periodic boundary conditions.
Using up to six layers for the substrate made little qualitative
diﬀerence to the results. Note that an artiﬁcial broadening of
0.1 eV was added to the plots of the orbital-resolved density of
states as a function of energy, in order to improve the visibility
of the peaks.
3 Experimental results
The adsorption of aza-BODIPY on Au(111) leads to a submono-
layer coverage, where single molecules are uniformly distributed
on the Au terraces (see Fig. 1(a)). The molecules preferentially
adsorb at the fcc domains of the Au(111) surface reconstruc-
tion and no preferred orientation of the molecule is observed.
Impurities are normally present at the elbows of the herring-
bone reconstruction and at step edges. On Au(111), the
preference for the fcc domains is known for many organic
molecules.31 However, by lateral manipulation32,33 we can
easily move a single aza-BODIPY molecule from a fcc to a hcp
domain and back without changing its conformation.
An enlarged STM image of a molecule is shown in Fig. 1(b).
The aza-BODIPY molecule consists of a central BODIPY core
(BODIPY = 4,4-diﬂuoro-4-bora-3a,4a-diaza-s-indacene) with
four phenyl rings attached and the carbon atom in the meso-
position replaced by nitrogen, as shown in the schematic
superimposed on the simulated STM image in Fig. 1(c). In
the experimental image (Fig. 1(b)), as well as in the line scans
shown in Fig. 2(a,b), the four rings and the central BODIPY core
can easily be identiﬁed. The ﬂuorine atom on the other hand is
Fig. 1 Aza-BODIPY molecules adsorbed on the Au(111) surface.
(a) Overview STM image showing several adsorbed molecules with
diﬀerent orientation (image size 284 A˚  152 A˚). (b) STM image of a
single aza-BODIPY molecule (image size 25 A˚  25 A˚). (c) Simulated
STM image generated from the local DOS (LDOS) at 0.5 eV
calculated with DFT-LDA for aza-BODIPY on Au(111) (image size
19.2 A˚  19.2 A˚). Schematic of molecule on top of image indicates
the calculated position of the molecule. Color code (online version):
C = black (black), N = light grey (orange), F = dark grey (green),
B = grey (grey), H (small) = light grey (blue).
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not visible in the experimental images. This can be clearly seen
by comparing the experimental line scans with the theoretical
ones in Fig. 2(c,d). No signiﬁcant diﬀerences in the STM
images and line scans are observed by varying the tunneling
conditions up to a voltage of about 1 V. However, when a
bias voltage of |Vbias| Z 1 V is applied, the molecule starts
to diﬀuse and changes its orientation, as reported in the
example of Fig. 3, thus limiting the possible range of STS
measurements.
Typical STS spectra measured on the centre of aza-BODIPY
molecules and on the bare Au(111) surface are shown in
Fig. 4(a). The spectra recorded on the molecule show a single
broad and intense peak centred approximately at Vbias =
0.7 V corresponding to unoccupied electronic states. Further
spectra measured on diﬀerent positions on the molecule, show
similar results and indicate that the energy state observed at
Vbias = 0.7 V is delocalized over the molecule.
4 Theory results
The relaxed geometry and orbital-resolved DOS were ﬁrst
calculated with DFT-LDA for the gas-phase aza-BODIPY
molecule (see Fig. 5). Both the geometry and the electronic
structure were found to be in good agreement with those
obtained from calculations using B3LYP exchange–correlation
functionals which gives adequate results for various organic
molecules.34,35 According to both the LDA and GGA calcula-
tions described here, the two phenyl rings on either side of the
F atoms are rotated at an angle approximately 211 to the plane
of the BODIPY core, while the rotation angle for the other two
phenyl rings is approximately 151. The Kohn–Sham highest
occupied molecular orbital (HOMO) for the isolated gas phase
molecule was found in the LDA calculations to have a value
of 5.65 eV. For exact Kohn–Sham DFT, eHOMO = IP, where
eHOMO is the energy of the Kohn–Sham HOMO and IP is the
exact ionization potential.27,36 However, in practice, the value of
theKohn–ShameHOMO calculated using approximate exchange–
correlation functionals such as LDA is typically several eV less
than the true value for the ionization potential.37,38 The lowest
unoccupied molecular orbital (LUMO) was calculated to have
Fig. 2 Line scans over the aza-BODIPY molecule. (a) STM image
of aza-BODIPY indicating the positions for the line scans shown in
(b) (image size 25 A˚  25 A˚). (c) Relaxed geometry for adsorbed
aza-BODIPY molecule obtained with DFT-LDA, indicating the posi-
tions for line scans shown in (d) (image size 17 A˚  17 A˚), which are
extracted from the simulated STM image in Fig. 1(c) by plotting
sections through the LDOS isosurface.
Fig. 3 Diﬀusion of the aza-BODIPY molecule on the surface at higher
bias voltage. STM image (a) before and (b) after application of Vbias =
1.0 V (image size 50 A˚  48 A˚). As one can see, the molecule moves
and rotates on the fcc terrace when imaged at high bias voltage.
Fig. 4 DOS as a function of energy for adsorbed aza-BODIPY molecule.
(a) Experimental DOS, obtained from STS. Inset shows spectroscopy
positions (image size 54 A˚  88 A˚). (b) Calculated DOS for molecular
orbitals obtained with DFT-LDA. Note that the HOMO and LUMO
states are primarily constituted of C and N p orbitals.Pu
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an energy of 4.40 eV, although as DFT is a ground state
theory the unoccupied Kohn–Sham states do not have a
physical meaning in the way that the occupied ones do. The
ionization potential was measured experimentally using UPS to
have a value of 5.62 eV for a thin ﬁlm,39 although the similarity
of this result to the eHOMO value calculated with LDA is
probably coincidental as the gas phase ionization potential
would be expected to be somewhat larger than this. The LUMO
energy was measured using cyclic voltammetry to have a value
of 4.01 eV.39 Therefore, DFT-LDA calculations tend to
underestimate the size of the HOMO–LUMO gap for this
molecule, which is a common problem with LDA calculations,
and which needs to be taken into consideration when inter-
preting the results. Calculations with GGA gave values for the
HOMO and LUMO energies of 5.43 eV and 4.19 eV,
respectively, and so give a similar sized HOMO–LUMO gap
to LDA. For calculations with both types of exchange–
correlation functionals, the orbital resolved DOS showed that
both the HOMO and LUMO orbitals consisted primarily of
carbon p orbitals which are delocalized over the entire molecule,
with a signiﬁcant contribution also coming from the p orbitals
on the N atoms in the BODIPY core.
In order to simulate the situation in the STMmeasurements,
the relaxed geometry for the molecule on a Au(111) surface
was ﬁrst calculated. The interaction with the surface results in
the phenyl rings rotating, so that they are now in the same
plane as the BODIPY core. The BODIPY core is slightly raised
compared to the phenyl rings, resulting in the molecule
assuming a conical shape on surface. The lowest energy
conﬁguration was found to be that with the B atom positioned
over a surface bridge site, and the F atom which is closest to
the surface positioned over a hollow site. Using LDA, the
separation between the B atom and the surface is found to be
3.33 A˚, while the average separation between the C atoms in
the phenyl rings and the surface is 2.97 A˚, with the height of
the individual C atoms above the substrate ranging from
2.83 A˚ to 3.15 A˚. The two F atoms are at heights of 2.17 A˚
and 4.49 A˚, with a separation of 2.67 A˚ between the lower F
atom and the nearest Au atom. GGA calculations produce a
molecule–surface separation which is approximately 0.4 A˚ to
0.5 A˚ larger than this.
The eﬀect of the interaction between the surface and the
molecule can also be seen in the electronic structure as
calculated with LDA, as shown in the orbital resolved DOS
in Fig. 4(b). As in the case for the gas phase molecule (see
Fig. 5), the frontier orbitals primarily consist of carbon p
states, but these are now strongly broadened by the interaction
with the surface. The GGA calculations showed a much
weaker interaction with the substrate, with narrower peaks
in the DOS which were shifted to higher energies compared to
LDA. By comparing the total energy of the adsorbed molecule/
substrate system to the energies of the separated molecule and
substrate, the LDA adsorption energy was determined to be
2.27 eV, while that for GGA was only 0.15 eV.
5 Discussion
Simulated images of the local DOS (LDOS) at 0.5 V agree
quite well with the measured STM images (see Fig. 1 and 2).
In both cases, the LDOS of the molecule appears relatively
ﬂat, and with no large peak in the LDOS around the F atoms
at this energy. There is an increase of only about 0.2 A˚ around
the F atom in the height of the section through the LDOS
isosurface as shown in Fig. 2(c), despite the center of this atom
lying approximately 1.2 A˚ above the plane of the molecule.
In the line scans from real STM images shown in Fig. 2(b) no
protrusion corresponding to the F atom is visible. In fact,
LDA calculations show that the main contribution to the DOS
from the states on the F atoms begins 3.5 eV below the Fermi
level, which is far outside the energy range accessible in these
experiments. The simulated line scans extracted from the
LDOS shown in Fig. 1(c) show that the LDOS isosurface at
the molecule is approximately 1.5 A˚ above that of the Au(111)
surface. This agrees well with the value of approximately 1.4 A˚
obtained from experimental line scans, and demonstrates that
the LDA calculations give an accurate description of the
binding geometry of the adsorbed molecule. Both the experi-
mental and calculated line scans are symmetric with broad, ﬂat
peaks, again indicating that the phenyl rings rotate during the
adsorption process so that they are parallel to the plane of the
surface.
Concerning the STS experiment (see Fig. 4(a)) the strong
peak observed at around 0.7 V can be seen in the calculated
DOS, although it is shifted towards the Fermi energy and is
now centered around 0.2 eV above the Fermi level. This error
in the energy value for the LUMO is similar to that for the gas
phase molecule which was also seen in other calculations, and
again is most likely due to the inability of ground state
Kohn–Sham DFT to reliably describe unoccupied states40
and the tendency of LDA to underestimate the HOMO–
LUMO gap.37,38 Both the experimental and the calculated
LDA LUMO resonances have similar widths, in the range of
0.4 eV to 0.5 eV at half maximum. Calculations with GGA
produce a spectrum with narrower resonances due to the
Fig. 5 DOS as a function of energy and structure (inset) for
aza-BODIPY molecule in gas-phase. As for the adsorbate phase, the
HOMO and LUMO states are primarily constituted of C and N
p orbitals. Note the rotation of the phenyl rings out of the plane of the
BODIPY core. The vertical dashed line indicates the division between the
occupied and unoccupied states.
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weakened bonding to the substrate, in which the HOMO
and LUMO are both shifted upward in energy by approxi-
mately 0.2 eV compared to the LDA results shown in
Fig. 4(b), so that they are at approximately 0.7 eV and
0.5 eV, respectively.
During STM measurements, the molecule was observed to
diﬀuse across the substrate when biases of greater than 1 V
were applied, limiting the measurement of STS spectra to
values between 1 V and 1 V. In order to understand why
the molecule was diﬀusing on the surface, the total energy
diﬀerences of diﬀerent adsorption positions were calculated,
with the results shown in Fig. 6. These calculations show that
the maximum energy diﬀerence between two sites is approxi-
mately 0.5 eV. The experimental results indicate that the
energy transfer between the tunneling electrons and the mole-
cule via inelastic scattering at an applied bias of the order of
1 V is suﬃcient to overcome this diﬀusion potential barrier.
The results of the DFT-LDA calculations suggest that the
aza-BODIPY molecule is at least weakly chemisorbed on the
Au(111) surface. The geometry of the molecule is signiﬁcantly
altered during the adsorption process, and the orbitals of the
molecule are broadened in energy indicating hybridization
with the Au states. This is somewhat surprising as Au(111)
has a relatively low reactivity compared to other metallic
surfaces. Other planar organic dye molecules such PTCDA
only physisorb on Au(111),41 although they chemisorb on
other metallic surfaces.41,42 In order to further investigate
the nature of the interaction between aza-BODIPY and the
Au(111) substrate, the net charge distributions (i.e. the
diﬀerence between the molecular charge distribution and
the superposition of the atomic charge distributions) were
plotted for the molecule on the substrate as shown in Fig. 7.
This function was also integrated over the Voronoi cell of each
atom in a process similar to that of the Voronoi Deformation
Density method,43 and the results are shown in Table 1. This
shows that in the molecule, the strongly electronegative F
atoms attract charge from the phenyl rings and the B atom,
rendering them positively charged. When the molecule is
deposited on the surface, charge is transferred from the
substrate to the molecule, and the phenyl rings are now slightly
negatively charged. It would appear that this charge transfer
causes the molecule to weakly chemisorb on the Au(111)
substrate. However, it should be noted that it is possible that
the LDA calculations are overestimating the extent to which
the molecule is charged. While the peak in the calculated DOS
corresponding to the molecular LUMO shown in Fig. 4(b)
straddles the Fermi level indicating that this orbital is partially
occupied, the resonance in the experiments corresponding to
this orbital is further from the Fermi level as shown in
Fig. 4(a), and so probably contains less charge than would
be suggested by the calculations.
6 Conclusion
In this paper, we have studied the adsorption and the
electronic properties of single aza-BODIPY molecules on
Au(111). Our DFT-LDA results indicate that due to the
charge transfer from the Au substrate to the aza-BODIPY
molecule, the latter is chemically bound to the surface.
The geometry of the adsorbed molecule is weakly distorted
compared to the gas phase, assuming a slightly conical shape
with the phenyl rings being rotated so that they are aligned
almost parallel to the plane of the surface. The STS peak
experimentally observed at Vbias E 0.7 eV primarily consists
of carbon p states broadened by the interaction with the
Fig. 6 Total energy diﬀerences of an aza-BODIPY molecule at diﬀerent
adsorption positions. The positions of the B atom in the molecule
relative to the surface lattice are indicated by the numbers in panel (b),
which correspond to the energies shown in panel (a). Note that the
energy barrier for the molecule to move between sites isE0.5 eV. Inset
in (a) shows orientation of the molecule on the surface.
Fig. 7 Charge distribution relative to atomic state for the adsorbed
aza-BODIPY molecule shown in (a) top view and (b) side view. Net
positive charge is shown in light grey and net negative charge is shown
in red (dark grey). Note the polar nature of the molecule, with the
electrons concentrating on the electronegative F atoms.
Table 1 Charge transfer analysis from the DFT-LDA calculations
for the valence orbitals of aza-BODIPY molecule both in the gas phase
and adsorbed on the Au(111) substrate. Analysis is performed by
integrating the diﬀerence between the superposition of the atomic
charge densities and the calculated charge density (i.e. the function
plotted in Fig. 7) in the Voronoi cell of each atom. Phenyl rings 3 and 5
are the lower phenyl rings, i.e. those on either side of the F atoms, and
rings 1 and 7 are the other, upper phenyl rings, while the ‘‘BODIPY core’’
excludes the B and F atoms, which are shown separately. Charge
diﬀerences are in units of the electronic charge e, negative charge
indicates extra electrons compared to the atomic state while positive
charge indicates fewer electrons
Molecule section Gas phase Adsorbed
Phenyl rings 1, 7 0.093 0.072
Phenyl rings 3, 5 0.133 0.038
BODIPY core 0.006 0.139
Boron atom 0.151 0.152
Upper F atom 0.191 0.176
Lower F atom 0.191 0.184
Total 0.0 0.457
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surface, with the F atom not being visible in the STM images
due to the contribution to the DOS from the states on this
atom being situated at E3.5 eV below the Fermi level.
To overcome the actual limits of organic electronics in terms
of functionality and stability, it is of fundamental importance
to understand in detail the properties of the single molecules
used in the devices and their interaction with substrates and
other molecules. The present work is a ﬁrst contribution in
this direction. Further studies of model systems for organic
electronics are planned, where in addition to the molecule-
substrate interaction, the donor–acceptor interaction at the
single molecule level will be studied, as well as the inﬂuence
of monolayer growth on the electronic properties of the
molecules. Moreover, the investigation of organic electronics
at the atomic level can open new pathways in the development
of devices based on a few or even single molecules.
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